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Abstract We study the transmission coefficient and the trans-
mitted power through an SMS sensor with transverse mis-
alignment. We use the Finite Element Method to calculate
the modes distribution by numerically solving the wave equa-
tion. The results show that the maximum transmission can
be obtained when the misalignment is greater than zero due
to the n 6= m LPnm excited modes. Additionally, the trans-
mitted power as function of the temperature shows that it is
significant only in the aligned case.
Keywords fiber optic · transversal misalignment · MMF ·
SMF · SMS
1 Introduction
Fiber optic based sensors using intermodal interference have
been intensely studied in basic research and in sensing ap-
plications such as strain and temperature [1,2], refractive in-
dex [3,4], edge [5] and as a band-pass filter [6]. The SMS
(singlemode-multimode-singlemode) sensor is composed of
a multimode fiber (MMF) spliced between two singlemode
fibers (SMFs) [7,8], as illustrated on Fig. 1(a). In this de-
vice, the output transmission depend on external conditions
such as temperature and strain. Another important parameter
is the transverse misalignment between the longitudinal axis
(z) of the fibers in the two splicing interfaces. In most cases,
a perfect alignment –no transverse displacement in the xy
plane between the fiber ends– is wanted. However, in prac-
tice there is always a small lateral misalignment due to the
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experimental errors caused by fusion splicing or free-space
misalignment, and in some cases this displacement can be
useful for sensing applications [9].
Experimental techniques have been developed to mea-
sure the transmission after the first interface [10,11,12] en-
abling the alignment by measuring the displacement with
a microscope or maximizing the transmission. Flamm et al
[13] measured the transmission of different modes from one
SMF to a MMF and observed that for circular symmetric
modes LP01 and LP02 the transmission have its maxima when
the two fibers are perfectly aligned. For not circular modes
LP11 and LP21 the maxima are for a non zero displacement.
In a more realistic scenario, when the three fibers are not ax-
ially aligned (lateral displacement greater than zero), LPnm
modes without circular symmetry (n 6=m) will be excited in
the MMF [13].
Here, we study the transmission coefficient and the trans-
mitted power transmitted through a SMS sensor as function
of both an arbitrary transverse misalignment and the temper-
ature. In the next section we introduce the theoretical con-
cepts needed for the modal analysis. Later, in the results,
we used the Finite Element Method (FEM) to calculate the
mode distribution by numerically solving the full-vectorial
wave equation. A coupling analysis is presented for the var-
ious modes excited in the MMF fiber. Finally, results and
discussion lead towards the concluding remarks.
2 Model
We chose a germanium doped multimode fiber and calculate
its material dispersion using the Mixed Sellmeier equation
[14],
n(x,λ ) =
√
1+
A1λ 2
λ 2− l21
+
A2λ 2
λ 2− l22
+
A3λ 2
λ 2− l23
, (1)
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Fig. 1 (a) Schematic diagram for the SMS structure. The SMF are the
green ends, MMF is the blue/red region of length L where the red part
is the heated zone s. (b) Illustration of the transverse misalignment
between the two fibers in the xy plane. The small red circle (radius a)
is the SMF core and the large blue one (radius b) is the MMF core. The
displacement between the two fibers is d = iˆ∆x+ jˆ∆y.
where Ai = Ai(x) (the oscillator strength) and li = li(x) (the
oscillator wavelength) depend on the Ge concentration x (the
values of these constants are in Ref. [14]). We assumed lin-
ear interpolation between the two materials to calculate the
Ai and li as function of x.
The single mode fiber used in all the simulations has
core radius a with refraction index n1 and n0 for the core and
cladding layer, respectively. At 24 ◦C (room temperature),
the MMF has core radius b and refraction index n(xg,λ0)
and n(xs,λ0) for the core and cladding layer, as in (1). The
concentrations of germanium for the core and the cladding
layer are xg and xs, respectively. The radius for the cladding
layer on both fibers is c. The values for all these parameters
are on Table 1.
Symbol Value Description
n0 1.4397 refractive index
n1 1.444 refractive index
λ0 1.55 µm wavelength
a 4 µm SMF core radius
b 30 µm MMF core radius
c 60 µm cladding radius
xg 19.34 % Ge mole fraction for the MMF
xs 3.3 % Ge mole fraction for the SMF
Table 1 Parameters used to model the SMS sensor.
2.1 Transmitted power with transverse misalignment
In our model a SMF couples light into a transverse mis-
aligned MMF by an amount ∆x and ∆y in the x and y direc-
tions as shown in Fig. 1(b). The electric field of the optical
modes on the fiber were computed from the wave equation:
∇× (∇×E)− k20n2E = 0 with k0 = (2pi)/λ0. We label E1
as the single mode on SMF, E2 as the fundamental mode
on MMF and E3, E4, E5 and E6 as the excited higher order
modes on the MMF. At the first interface E1 can be repre-
sented as an expansion of the MMF modes,
E1(x,y) =Ψ(x,y,0) =
6
∑
i=2
TiEi(x,y).
Because we are considering non circular symmetric modes,
we wrote the mode spatial dependence as x,y instead of
r =
√
x2+ y2. The propagated mode at MMF at a distance z
from the first interface is
Ψ(x,y,z) =
6
∑
i=2
TiEi(x,y)exp( jβiz) , (2)
where j =
√−1 and βi is the propagation constant of the
mode Ei. The coefficients Ti are the transmission intensi-
ties through one interface considering different modes on
the MMF. In our case, we computed them as function of the
transverse misalignment,
Ti(∆x,∆y) =
S2i
N1Ni
. (3)
The normalization integral is Ni =
∫∫ |Ei|2dxdy and the su-
perposition one is Si =
∫∫
E1Eidxdy with i = 2, 3, 4, 5 and
6. For example, T3 is the transmission intensity for the E3
mode on the MMF. We computed Ti for the displacements
−b < ∆x,∆y < b, by numerically evaluating the integrals
over all the computational domain [16]. The total transmis-
sion Tt is the sum of all the transmissions coefficients,
Tt =
6
∑
i=2
Ti. (4)
All the calculations were numerically implemented on the
open source platform R [17]. The reflection of the incident
wave in the first interface between SMF and MMF (due to
the difference of the refraction indexes) was neglected [18].
2.2 Fractional modal power of the SMS device
The transmission through the SMS sensor involves the trans-
mission coefficient by two interfaces with an interference ef-
fect on the second one. Using (2), the transmitted power of
the SMS device considering a length L is [1,19],
Pt =
∣∣∣∣∣ 6∑i=2T 2i exp [ jL(β2−βi)]
∣∣∣∣∣
2
. (5)
In order to better verify the contribution of the first and sec-
ond modes (E2 and E3) we also computed their power,
P23 =
∣∣T 22 +T 23 exp [ jL(β2−β3)]∣∣2 . (6)
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The transmission loss [23] is defined as,
Lt = 10log(Pt) ∴ L23 = 10log(P23). (7)
In order to illustrate the practical implementation of the
misaligned SMS, we studied the effect of the temperature
t on the computed powers by using the temperature depen-
dence of the MMF refraction index [1],
n(t) = n0+
dn
dt
(t− t0), (8)
where n0 represents the refractive index at room temperature
t0 = 24◦C and dn
/
dt is the thermo-optic coefficient. The
values of dn
/
dt for SiO2 glass with different concentrations
of GeO2 are on Table 2, assuming linear dependence on Ge
concentration.
x (%) 0 15 xg xs
dn
/
dt ( 10−5
/◦C ) 1.06 [15] 1.24 [15] 1.29 1.1
Table 2 Values for the thermo-optic coefficient dn
/
dt for a fiber with
different concentrations of GeO2.
We consider only a small segment s < L of the MMF
to be heated (see Fig. 1(a)). The length s and radius b of
the MMF at temperature t are s(t) = s0 +αs0(t − t0) and
b(t)= b0+αb0(t−t0)where s0 and b0 are the values at tem-
perature t0. We used α = 5× 10−5/◦C, which is the value
for fused silica [20]. The transmission coefficients Ti will
be affected by temperature due to the refraction index n(t)
and the core radius b(t). The temperature dependence of the
phase is written as [1]:
ϕi(t) = [β2(t0)−βi(t0)] (L− s0)+ [β2(t)−βi(t)]s(t)
where βi(t) is the temperature-dependent propagation con-
stant of the ith mode.
3 Results
3.1 Transmission coefficients
The computed modes on the SMF and MMF are displayed
on Figs. 2(a) to 2(f). These can be identified as linearly po-
larized (LP) optical modes [21,22]: E1 and E2 are LP01, E3
is LP11, E4 is LP21, E5 is LP02 and E6 is LP31. The trans-
verse misalignment was created by shifting the mode E1 and
letting the MMF modes be centered at the origin of the xy
plane. For example, the mode E1 plotted on Fig. 2(a) was
displaced ∆x = 15µm and ∆y = 10µm. Fig. 3 shows the
transmission coefficients as function of ∆y using (3) with
∆x = 0. It can be seen how the transmission is maximum
only when the maxima of the two modes match. We can
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Fig. 2 Graphic of Ei(x,y). (a) LP01 mode E1 with ∆x = 15µm and
∆y= 10µm. (b) LP01 mode E2. (c) LP11 mode E3. (d) LP21 mode E4.
(e) LP02 mode E5. (f) LP31 mode E6.
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Fig. 3 Transmission Ti as function of the transverse misalignment ∆y
with ∆x= 0.
clearly see that modes E2 and E5 have maximum transmis-
sion when the two fibers are aligned. Transmission to the
fundamental mode T2 is the second highest and T4 has a
smaller maximum which is almost the same intensity as the
maximum of T6. All these results show the relevance of the
excited modes in the transmitted signal.
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Fig. 4 Graphic of Ti(∆x,∆y). (a) T2 (b) T3 (c) T4 (d) T5 (e) T6. (f) Total
transmission Tt (eq. 4).
The computed transmission coefficients considering an
arbitrary displacement Ti(∆x,∆y) are displayed on the Figs.
4(a) to 4(e). For each displacement (∆x,∆y), the mode E1
was shifted accordingly and then the integral Ti (Eq. 3) was
computed. The scale on the color bar of Fig. 4(d) is the high-
est, in agreement with Fig. 3. We can also see that T3 has a
maximum in the ∆y axis while T6 has it in the ∆x axis, show-
ing the lack of circular symmetry for the displacement, fea-
ture better seen on the total transmission coefficient Tt (dis-
played on Fig. 4(f)). It has a primary maximum in the center
and two other secondary maxima at (∆x,∆y) = (±6,∓16)
with 97 % of the intensity of the primary one.
3.2 Transmitted power of the SMS device
In Fig. 5(a) it is shown the graphic of SMS power Pt as in (5),
where the principal maximum is in the center (no displace-
ment), two secondary maxima at (∆x,∆y) = (±5,∓17) and
other two tertiary maxima at (∆x,∆y) = (±17,±5). As be-
fore, for each displacement (∆x,∆y) one integral was per-
formed. The intensities of the secondary and tertiary maxi-
mum are 11 and 4.8 % of the primary maximum intensity.
In the case of the SMS sensor there are two interfaces
between the two fibers which reduces the intensity of the
a)  ∆x ( µm ) 
 
∆y
 ( µ
m
 ) 
Pt (%) 
 
 
−20 0 20−30
−20
−10
0
10
20
30
0.5
1
1.5
2
b)  ∆x ( µm ) 
 
∆y
 ( µ
m
 ) 
P23 (%)
 
 
−20 0 20−30
−20
−10
0
10
20
30
0.05
0.1
0.15
0.2
0.25
0.3
Fig. 5 Graphic of the transmitted power over the SMS sensor for an
arbitrary displacement at room temperature T0 = 24◦C. (a). Power Pt
(Eq. 5). (b) Power P23 (Eq. 6).
misaligned maxima. The graphic of P23 (Eq. (6)) is shown
on the Fig. 5(b). A primary maximum is in the center and
two secondary ones are at (∆x,∆y) = (±5,∓15) and have
20 % of primary maximum intensity. This maximum inten-
sity is one order or magnitude lower than the one in Fig. 5(a).
These results show that although the excited modes E4, E5
and E6 were not significant enough to create maxima for the
misaligned case (∆x,∆y) 6= (0,0), they contributed to the
maximum intensity in the aligned case ∆x= ∆y= 0.
The effect of the temperature is shown on the Fig. 6(a)
with the graphic of Pt and P23 vs. ∆y for the temperatures
0, 10, 20, and 30 ◦C. For ∆y > 15µm, Pt and P23 are negli-
gible, which indicates that the transmitted power is signifi-
cant only in the aligned case. In this case (∆x = ∆y = 0), a
lower temperature implies in a larger contribution of the ex-
cited modes E4, E5 and E6. Fig. 6(b) shows the graphics of
the power loss L as function of the temperature. The power
loss L23 (considering only the modes E2 and E3) was rather
insensitive to the temperature, reason why only the one at
30 ◦C is shown. For all ∆y we have Lt > L23, specially for
∆y > 15µm, showing the importance of the excited modes
in the lower temperature case. Again, the power loss is sig-
nificant only in the aligned case.
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Fig. 6 Transmission over the SMS sensor vs ∆y for different tempera-
tures. a) Transmitted power Pt (eq. 5) and P23 (Eq. 6). b) Power loss Lt
and L23 (Eqs. 7).
4 Conclusions
As conclusions, we have studied the transmission through
an SMS device by numerically evaluating the superposition
integrals of the electromagnetic modes. We computed the
transmission considering five modes on the multimode fiber
as function of the transverse misalignment between the fibers.
We observed that when modes without circular symmetry
are considered there can be maxima in the transmission with
the two fibers misaligned. We also included the effect of the
temperature and we observed that the transmitted power is
significant only in the aligned case and that the lower tem-
perature implies in a larger contribution of the excited modes
E4, E5 and E6.
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